An increasing number of studies argues that self-propagating protein conformations (i.e., prions) feature in the pathogenesis of several common neurodegenerative diseases. Mounting evidence contends that aggregates of the amyloid-β (Aβ) peptide become self-propagating in Alzheimer's disease (AD) patients. An important characteristic of prions is their ability to replicate distinct strains, the biological information for which is enciphered within different conformations of protein aggregates. To investigate whether distinct strains of Aβ prions can be discerned in AD patients, we performed transmission studies in susceptible transgenic mice using brain homogenates from sporadic or heritable (Arctic and Swedish) AD cases. Mice inoculated with the Arctic AD sample exhibited a pathology that could be distinguished from mice inoculated with the Swedish or sporadic AD samples, which was judged by differential accumulation of Aβ isoforms and the morphology of cerebrovascular Aβ deposition. Unlike Swedish ADor sporadic AD-inoculated animals, Arctic AD-inoculated mice, like Arctic AD patients, displayed a prominent Aβ38-containing cerebral amyloid angiopathy. The divergent transmission behavior of the Arctic AD sample compared with the Swedish and sporadic AD samples was maintained during second passage in mice, showing that Aβ strains are serially transmissible. We conclude that at least two distinct strains of Aβ prions can be discerned in the brains of AD patients and that strain fidelity was preserved on serial passage in mice. Our results provide a potential explanation for the clinical and pathological heterogeneity observed in AD patients.
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neurodegeneration | bioluminescence imaging | seeding | proteinopathies A lzheimer's disease (AD) is the most common human neurodegenerative disease, and it is characterized by the accumulation of extracellular amyloid plaques composed of aggregated amyloid-β (Aβ) peptide as well as intracellular neurofibrillary tangles composed of aggregated and hyperphosphorylated tau protein in the brain. The Aβ peptide is generated by the sequential cleavage of the amyloid precursor protein (APP) by β-and γ-secretase enzymes. The amyloid cascade hypothesis posits that the accumulation and subsequent deposition of Aβ in the brain are the initiating pathological events in AD that lead to the downstream aggregation of tau (1) . Although most AD cases are sporadic, a minority results from mutations in the genes encoding APP or γ-secretase components.
Mounting evidence argues that the progressive nature of AD as well as many other neurodegenerative illnesses may stem from the formation and subsequent spread of self-propagating, β-sheet-rich protein conformations (i.e., prions) in the brain (2) (3) (4) . The term prion, derived from the words "protein" and "infectious," was introduced to define a novel pathogen lacking nucleic acids (5) . Because the mechanism of prion propagation was shown to involve template-directed conformational change, the prion paradigm was recognized to apply more broadly in biology, including non-Mendelian phenotypic inheritance in yeast (6) and maintenance of synapse-specific changes in neurons (7) . Diverse studies have converged to argue that prions, formed from normal proteins, cause many, if not most, neurodegenerative diseases (8) . Some investigators prefer to use other terms for these self-propagating protein aggregates, including prion-like protein aggregates, prionoids, and proteopathic seeds (9, 10) .
A wealth of studies argues that the formation of Aβ prions is involved in the pathogenesis of AD. In AD, cerebral Aβ deposition follows a stereotypical progression, in which the neocortex is targeted first, followed by spreading to subcortical regions of the brain (11) . Moreover, inoculation of susceptible transgenic (Tg) mice or rats expressing mutant or WT human APP with brain homogenate containing Aβ aggregates, purified Aβ amyloid fibrils, or synthetic Aβ aggregates induced widespread cerebral Aβ deposition, revealing that Aβ aggregates are selfpropagating and hence, prions (12) (13) (14) (15) (16) (17) .
An important characteristic of prions is their ability to replicate distinct strains, which can be distinguished by their transmission behavior as well as their biochemical and pathogenic properties. Prion strain-specific biological information is enciphered within different conformations of protein aggregates (18) (19) (20) . Distinct conformations of Aβ aggregates have been described as formed either spontaneously from synthetic Aβ (21-23) or after seeding of synthetic Aβ by Aβ aggregates from AD brains (24, 25) . Furthermore, AD is a clinically heterogeneous disease (26) , which could potentially be explained by the existence of multiple Aβ strains.
Based on the observation that different mutations in the human prion protein (PrP) encipher distinct strains of PrP prions (19) , we hypothesized that heritable AD caused by different APP mutations (particularly mutations that result in the production of
Significance
The amyloid-β (Aβ) peptide, which plays a central role in Alzheimer's disease (AD) pathogenesis, exhibits many properties that are reminiscent of prions (self-propagating proteins that cause neurodegenerative disorders, such as mad cow disease). In the human prion diseases, distinct strains of prions can be distinguished, and therefore, we asked whether different strains of Aβ aggregates might exist in the brains of AD patients. Inoculation of transgenic mice with brain samples from patients with two different heritable forms of AD produced two distinct patterns of cerebral Aβ deposition, and these differences were maintained on serial passage. We conclude that distinct strains of Aβ can be discerned in AD patients, which may help to explain the clinical heterogeneity observed in the disease.
mutant Aβ) might result in the formation of distinct Aβ prion strains. The Arctic mutation in APP (E693G) occurs within the sequence of Aβ (E22G), causes enhanced Aβ protofibril formation, produces distinct fibril morphology, and results in a distinct AD pathology (27) (28) (29) (30) . In contrast, the Swedish mutation (K670M/N671L) occurs outside the Aβ sequence but results in the overproduction of WT Aβ and typical AD pathology (31) (32) (33) . Here, we report that brain homogenates from Arctic and Swedish AD patients induced distinct disease phenotypes after multiple passages in susceptible Tg mice, suggesting that distinct Aβ strains form in the brains of AD patients.
Results
To determine whether the brains from an Arctic AD patient and a Swedish AD patient contain distinct conformations of Aβ aggregates, we performed conformational stability assays, which have been used to distinguish different strains of PrP prions (34) . Brain homogenates prepared from AD patients were subjected to increasing concentrations of guanidine hydrochloride (GdnHCl) to determine the resistance of aggregates to denaturation. Samples were then digested with proteinase K (PK), and the residual fraction of PK-resistant Aβ was analyzed by Western blotting (Fig.  1A) . We then calculated [GdnHCl] 1/2 values (the GdnHCl concentration at which 50% of Aβ is denatured) and found that the Aβ aggregates in the Arctic AD sample were significantly less resistant to GdnHCl denaturation than the Aβ aggregates in the Swedish AD sample (Fig. 1B) , arguing that they are conformationally distinct. We also analyzed brain homogenates from two sporadic cases of AD, which yielded intermediate conformational stabilities.
To test if the distinct Aβ conformations in the brains of Arctic and Swedish AD patients are self-propagating, we performed transmission studies in bigenic Tg(APP23:Gfap-luc) mice ( Fig.  2A) that express a Swedish mutant human APP transgene that produces WT Aβ peptide as well as a luciferase reporter under the control of the GFAP promoter (35, 36) . This system permits the kinetics of induced cerebral Aβ accumulation to be monitored in living animals using bioluminescence imaging (BLI) of astrocytosis stimulated by the deposition of Aβ in amyloid plaques (14) . Tg(APP23:Gfap-luc) mice were intracerebrally inoculated with brain homogenates from the four AD cases as well as a control homogenate from an age-matched individual free of any neurodegenerative illnesses. Levels of both formic acidextractable and PK-resistant Aβ were much higher in the AD homogenates compared with the control homogenate (Table S1 and Fig. S1A ). Inoculation with each of the AD homogenates accelerated the onset of the brain BLI signal increase compared with inoculation with the control homogenate (Fig. S1A) . Moreover, Aβ levels, cerebral Aβ deposition, and Aβ plaqueassociated astrocytic gliosis were significantly greater in the mice inoculated with AD brain homogenate compared with controlinoculated and uninoculated animals ( Fig. S1 B-R), indicating that the four AD homogenates contained Aβ prions.
Remarkably, the Arctic AD sample induced a distinct disease phenotype in the bigenic mice that could be distinguished from both the Swedish and sporadic AD inocula. Incubation periods for Aβ aggregate-containing samples on inoculation into Tg (APP23:Gfap-luc) mice can be assigned using BLI by measuring the time interval from inoculation to when a sustained increase in brain bioluminescence is observed (16) . For these calculations, male and female mice were considered separately, because the kinetics of Aβ accumulation in Tg(APP23) mice are sexdependent (37) . The incubation period for the Arctic AD sample in both male and female mice was significantly shorter than for the other AD samples (Fig. 2B ), despite lower levels of formic acid-extractable Aβ in the inoculum (Table S1 ). Furthermore, the ratio of Aβ40 to Aβ42 in the Arctic AD-inoculated mice was significantly lower than in the mice inoculated with the other three samples (Fig. 2C ). Different Aβ peptide ratios were also observed after inoculation of Tg(APP23) mice with brain extracts from two different Tg mouse models of AD (38) .
Despite harboring parenchymal Aβ deposits of similar morphology to other AD-inoculated mice (Fig. S1 ), the Arctic AD-inoculated animals showed a striking difference in the morphology of Aβ cerebral amyloid angiopathy (CAA) in the thalamus. Much of the thalamic CAA in Arctic AD-inoculated mice at 330 d postinoculation appeared furry in nature, with Aβ deposits radiating outward from the blood vessels ( Fig. 2D and Fig. S2A ). A similar CAA morphology was observed in the thalamus of Tg mice expressing Arctic mutant APP (39) . In contrast, mice inoculated with sporadic AD case i, Swedish AD, brain homogenate from an aged Tg(APP23) mouse, Aβ fibrils purified from Tg(APP23) mice (16) , or synthetic Aβ(1-40) peptide as well as 635-d-old uninoculated mice all exhibited a similar pattern of CAA: a thin, compact layer of Aβ deposition surrounding blood vessels (Fig. 2 E and F and Fig. S2 B-E) . Interestingly, mice inoculated with sporadic AD case ii exhibited both CAA morphologies (Fig. S2 F and G) . Uninoculated Tg (APP23:Gfap-luc) mice at 390 d of age did not exhibit any spontaneous CAA in the thalamus (Fig. 2G) . Significantly greater numbers of furry Aβ CAA deposits were observed in the Arctic AD-inoculated animals (Fig. 2H) . Because the incubation periods for female mice inoculated with Arctic AD and purified Aβ fibrils were similar (∼170 d) (16) , the unique furry vessel phenotype in Arctic AD-inoculated animals cannot be attributed to faster Aβ replication kinetics. No CAA was found in any of the inoculated mice at 33 d postinoculation (Fig. S3) , indicating that the induced CAA was not composed of residual inoculated material. Staining for collagen IV, which labels the basement membrane of blood vessels, revealed that many of the thalamic ) denaturation curves of residual PK-resistant Aβ levels after conformational stability assays of Aβ species present in brain homogenates from Swedish, Arctic, or sporadic AD patients (n = 3 technical replicates each). The [GdnHCl] 1/2 value for Arctic Aβ aggregates was significantly lower than that of Swedish Aβ aggregates (P < 0.001), sporadic AD case i Aβ aggregates (P < 0.01), and sporadic AD case ii Aβ aggregates (P < 0.001), indicative of a distinct aggregate conformation. Aβ levels were detected with the 6E10 antibody. Arc, Arctic; Spor, sporadic; Swe, Swedish.
blood vessels surrounded by the furry Aβ deposits in Arctic ADinoculated mice, but not Swedish AD-inoculated mice, were undergoing atrophy ( Fig. 2 I and J) .
A key feature that distinguishes Arctic AD cases from most sporadic AD cases and cases of heritable AD in which the mutation does not occur within the sequence of Aβ is the preferential deposition of Aβ38 peptide, particularly surrounding blood vessels (40) . Indeed, PK-resistant Aβ38 was abundant in the Arctic AD sample and present in sporadic AD case ii but absent in the Swedish AD and sporadic AD case i samples (Fig.  3A) . We used mAb BA1-13, which is specific for the Aβ peptide ending at residue 38 ( Fig. S4A) , to assess Aβ38 deposition in AD-inoculated mice. Mice inoculated with either Arctic or Swedish AD samples showed similar levels of formic acidextractable Aβ38 in their brains (Fig. S4B ) and amyloid plaques (Fig. S4 C and D) . However, abundant Aβ38-positive CAA within the thalamus was observed in mice inoculated with Arctic Aβ (Fig. 3B) but not in mice inoculated with Swedish AD or sporadic AD case i. Mice inoculated with sporadic AD case ii also exhibited some thalamic Aβ38-positive CAA (Fig. 3C) . The quantity of Aβ38-positive blood vessels in the thalamus, leptomeninges, and the frontal cortex was significantly greater in Arctic AD-inoculated mice compared with sporadic AD-and Swedish AD-injected mice (Fig. 3D and Fig. S4 E and F) .
To confirm these findings, we analyzed a second cohort of Arctic AD-and Swedish AD-inoculated mice by quantitative confocal fluorescence microscopy using a different Aβ38-specific antibody (7-14-4) (Fig. S4A) . Significantly higher levels of Aβ38 staining were observed in thalamic blood vessels in Arctic ADinoculated mice compared with Swedish AD-inoculated animals (Fig. 3 E-G) . Moreover, codeposition of Aβ38 and Aβ40 peptides in thalamic blood vessels was observed in mice inoculated with Arctic AD or sporadic AD case ii but not in mice inoculated with Swedish AD, sporadic AD case i, or other Aβ aggregatecontaining preparations (Fig. 3 H and I and Fig. S5 A-G) . Inoculation of mice with brain homogenate from aged Tg(APP23) mice, which also contained elevated levels of PK-resistant Aβ38 peptide (Fig. S5 H-J) , did not result in Aβ38-positive CAA within the thalamus (Fig. S5E) , suggesting that the conformation of Aβ in the inoculum, not the absolute levels of Aβ38, determines the phenotype in inoculated mice. These observations argue that the Arctic AD sample induced the preferential deposition of Aβ38 in blood vessels in mice that do not express the Arctic mutation. That induced Aβ38 deposition within plaques was observed in mice injected with Swedish or Arctic AD (Fig.  S4 C and D) , despite the absence of PK-resistant Aβ38 in the Swedish AD inoculum (Fig. 3A) , may reflect a predisposition of Tg(APP23) mice to depositing Aβ38 in amyloid plaques (Fig. S5I ).
An important characteristic of prion strains composed of PrP is that their properties are generally maintained after repeated passages in mice. To test if Aβ strains can also be serially in the thalamus of Swedish AD-and Arctic AD-injected female mice at 330 dpi. The blood vessels surrounded by furry Aβ deposits in Arctic AD-inoculated animals were atrophic (yellow arrows). (Scale bar: I and J, 50 μm.) For D-J, Aβ was labeled using the 4G8 antibody. Arc, Arctic; Spor, sporadic; Swe, Swedish. *P < 0.05; **P < 0.01; ***P < 0.001.
propagated in mice, we performed a second passage experiment. In these experiments, both the passaged Swedish and Arctic inocula contained identical Aβ sequences, because they both underwent initial passage in Tg(APP23:Gfap-luc) mice producing WT Aβ peptide (Fig. 4A) . On second passage, the Swedish and Arctic AD samples as well as sporadic AD case i accelerated the onset of the brain BLI signal increase and the elevation of cerebral Aβ deposition compared with passaged control brain homogenate (Fig. S6) . Second passage of all AD samples resulted in incubation periods similar to their respective first passages, with the Arctic AD inoculum showing the shortest incubation periods (Fig. 4B) . Similar to first passage, furry Aβ CAA deposits were observed in the thalamus of mice inoculated with the passaged Arctic AD sample but not in mice inoculated with the passaged Swedish AD sample (Fig. 4 C-E) . Likewise, mice inoculated with the passaged Arctic AD sample, but not mice inoculated with the passaged Swedish or sporadic AD samples, exhibited prominent CAA deposition of Aβ38 in the thalamus (Fig. 4 F-H ) and other areas of the brain (Fig. S7 A and  B) as well as codeposition of Aβ38 and Aβ40 in thalamic blood vessels (Fig. 4 I and J) . Levels of formic acid-extractable Aβ38 were not significantly different in mice inoculated with the passaged Arctic or Swedish AD samples (Fig. S7C) .
Discussion
In the studies reported here, we found evidence for distinct strains of Aβ prions in brain homogenates prepared from patients with heritable AD. At least certain properties of the Aβ prion strains, such as the relative amounts of cerebrovascular Aβ38 deposition, were maintained after multiple passages in Tg mice. The existence of distinct Aβ strains and their ability to be serially propagated in mice contend that the Aβ aggregates in the brains of AD patients show all of the attributes of prions.
By melting the conformation of Aβ, we found that the Aβ prions in the brain of a patient carrying the Arctic mutation and producing mutant Aβ (E22G) were substantially less resistant to GdnHCl denaturation than those in the brain of a patient with the Swedish mutation, which does not alter the sequence of WT Aβ. We note that Arctic AD patients are heterozygous for the mutation, resulting in a mixture of WT and mutant Aβ peptides in the brain. Although we did not determine the allelic origin of the protease-resistant Aβ isoforms, studies of mutant PrPs may be informative: mutant PrPs in patients harboring the P102L, D178N, or E200K mutations were preferentially converted into the PrP Sc isoform (41) (42) (43) . Assuming that Arctic Aβ was preferentially converted into prions as manifest by protease resistance, it seems likely that WT Aβ did not form prions, because a monophasic melting curve was observed (Fig. 1B) . If WT Aβ in Arctic AD patients had become a prion and adopted a conformation similar to the WT Aβ prions in the brain of the Swedish AD patient, then the melting curve should have been biphasic. Alternatively, WT Aβ may have adopted the same conformation as Arctic mutant Aβ.
The analysis of mutant and WT Aβ prions is further complicated by heterogeneous γ-secretase cleavage that generates Aβ peptides varying in length from 37 to 43 aa (44) . Each of these peptides is likely to possess a different thermodynamic landscape with respect to conversion into a prion. The difficulties surrounding studies of Aβ prion strains are highlighted by a study using Tg(APP23) and Tg(APPPS1) mice; the former produces much more Aβ40 than Aβ42, whereas the latter produces the opposite (38) . In our AD-inoculated mice, the most prominent strain-specific differences, including the relative amount of Aβ38 deposition, were observed in cerebral blood vessels but not parenchymal amyloid plaques. However, this difference was not inherent to the Tg(APP23) line, because mice inoculated with distinct strains of synthetic Aβ prions exhibited strain-specific differences in the ratios of Aβ40 and Aβ42 within amyloid plaques (45) .
Our studies suggest that the Arctic AD mutation may encode a strain of Aβ prions that is distinct from that enciphered by the Swedish mutation, although this result will need to be confirmed using additional cases. Based on our transmission studies, it seems likely that the Aβ strains present in the Swedish AD and sporadic AD case i samples are similar and that the sporadic AD case ii sample contains a mixture of the Swedish-like and Arctic-like Quantification by visual inspection of immunohistochemical slides of Aβ38-positive (BA1-13 antibody) thalamic blood vessels in mice inoculated with the indicated brain homogenates (n = 4 each). Significantly more Aβ38 deposits were observed in the Arctic AD-inoculated animals. (E and F) Deposition of Aβ38 (7-14-4 antibody) within thalamic blood vessels in a second cohort of Tg (APP23:Gfap-luc) mice at 330 dpi with either (E) Swedish AD or (F) Arctic AD brain homogenate. (Scale bar: E and F, 50 μm.) (G) Quantification by quantitative confocal fluorescence microscopy of the relative amount of Aβ38 staining (7-14-4 antibody) in thalamic blood vessels in mice inoculated with Swedish AD (n = 51 total blood vessels from three mice) or Arctic AD (n = 31 total blood vessels from three mice) brain homogenate. Significantly higher levels of Aβ38 deposition were observed in the Arctic AD-inoculated animals. (H and I) Double labeling of Aβ38 (7-14-4 antibody; green) and Aβ40 (11A50-B10 antibody; red) in the thalamus of female mice at 330 dpi with either (H) Swedish AD or (I) Arctic AD brain homogenate. (Scale bar: H and I, 15 μm.) (J) Quantification of the ratio of Aβ38 (7-14-4 antibody) to Aβ40 (11A50-B10 antibody) staining in thalamic blood vessels in mice inoculated with Swedish AD (n = 51 total blood vessels from three mice) or Arctic AD (n = 31 total blood vessels from three mice) brain homogenate. Significantly higher ratios were observed in the Arctic AD-inoculated animals. Arc, Arctic; Con, control; Spor, sporadic; Swe, Swedish. ***P < 0.001.
strains. Interestingly, the Dutch mutation in Aβ (E22Q) (46) , which occurs at the same residue as the Arctic mutation, leads almost exclusively to cerebrovascular Aβ deposition and cerebral hemorrhages, implying the existence of additional Aβ strains and suggesting that residue 22 in Aβ may be critical for determining the conformation of Aβ prions. However, mutations within the Aβ peptide sequence may not be necessary for the genesis of distinct strains, because different conformations of Aβ aggregates have been observed in two different cases of sporadic AD (25) . Moreover, different subtypes of sporadic AD, such as rapidly progressive AD (47) , may stem from the propagation of unique strains of WT Aβ prions in the brain.
Because the Tg(APP23:Gfap-luc) mice used herein produce WT Aβ peptide, we conclude that the conformation of Aβ aggregates (not the presence of a mutation per se) enciphers the properties of Aβ strains. These findings parallel the maintenance of strain-specified properties observed on transmission of different inherited forms of human PrP prion disease, each expressing a different mutant PrP molecule, to Tg mice expressing chimeric mouse/ human PrP (19) . The phenotypic differences observed from the Arctic and Swedish AD transmissions may be caused by the Arctic mutation favoring the formation of a self-propagating Aβ conformation in which Aβ38 is stabilized, leading to its accumulation and deposition in the brain. However, a similar conformation may infrequently arise spontaneously in the absence of a mutation in Aβ, which was observed with sporadic AD case ii.
Distinct self-propagating strains of protein aggregates have also recently been described for both the human synucleinopathies and tauopathies (48) (49) (50) . Experimental transmission of multiple system atrophy to Tg mice revealed a particularly aggressive strain of WT α-synuclein prions (49) . The existence of multiple prion strains causing neurodegenerative diseases poses a challenge for the development of therapeutics. Studies with PrP prions have revealed that therapeutic compounds identified using mouse-passaged strains were efficacious against mouse and chronic wasting disease prions but not against human strains (51) . Because the conformation of Aβ aggregates in Tg mice seems distinct from that in AD patients (52) , the translational use of such mouse models for anti-Aβ therapeutics seems questionable. Our ability to propagate distinct AD-associated Aβ strains in the brains of Tg(APP23:Gfap-luc) mice may, therefore, provide a superior tool for assessing drug efficacy. More importantly, heterogeneity in Aβ aggregate conformations suggests that passive Aβ immunotherapy approaches for treating AD may only work for certain strains of Aβ that exhibit conformations similar to those against which the mAb was raised. Several clinical trials involving Aβ mAbs have produced disappointing results (53) . Although these antibodies may have been administered too late in the disease course to produce beneficial effects, Aβ strain heterogeneity in AD patients may have also contributed to their failure.
Materials and Methods
Additional methods are provided in SI Materials and Methods.
Human Tissue Samples. Frozen brain tissue samples (temporal cortex) were obtained from neuropathologically confirmed cases of AD. The Swedish mutant sample (Braak stage V-VI with CAA and a minor cerebellar hemorrhage) was obtained from a 61-y-old female, and the Arctic mutant sample (Braak stage V-VI with CAA and no other copathology) was obtained from a 64-y-old male. Two sporadic AD samples were used: case i (Braak stage V-VI with Lewy body copathology) was obtained from a 62-y-old male, and case ii (Braak stage V-VI with no other copathology) was obtained from an 85-y-old female. Control brain tissue was obtained from the frontal cortex of a 79-y-old male who did not exhibit any clinical or pathological signs of a neurodegenerative disease. Levels of various Aβ peptides in the individual brain samples are shown in Table S1 .
Mice. Tg(APP23) mice, which express human APP (751-aa isoform) containing the Swedish mutation under the control of the Thy-1.2 promoter (35), were maintained on a C57BL/6 background. Tg(Gfap-luc) mice, which express firefly luciferase under the control of the murine Gfap promoter (36), were a gift from Caliper Life Sciences (Alameda, CA) and maintained on an FVB/N background. To create bigenic Tg(APP23:Gfap-luc) mice, hemizygous Tg (APP23) mice were crossed with homozygous Tg(Gfap-luc) animals. All animal experiments were performed under protocols approved by the Institutional Animal Care and Use Committee at the University of California.
Neuropathology. Female mice were euthanized but not perfused before brain removal. Brains were then immersion-fixed in 10% (vol/vol) buffered (C-E) Aβ CAA in the thalamus of female mice at 330 d postinoculation (dpi) with the indicated passaged brain homogenates. Whereas mice inoculated with passaged Swedish AD exhibited a thin, compact layer of Aβ deposition (4G8 antibody) surrounding blood vessels (black arrows), many of the Aβ-positive blood vessels in animals inoculated with passaged Arctic AD appeared furry in nature (red arrows). (F and G) Thalamic CAA with Aβ38 deposition (BA1-13 antibody) was observed in two distinct female Tg(APP23: Gfap-luc) mice at 330 dpi with the passaged Arctic AD sample. (Scale bar: C-G, 50 μm.) (H) Quantification of Aβ38-positive (BA1-13 antibody) thalamic blood vessels in mice inoculated with the passaged Swedish (n = 4) or Arctic AD (n = 6) samples. (I and J) Double labeling of Aβ38 (BA1-13 antibody; green) and Aβ40 (11A50-B10 antibody; red) in the thalamus of female mice at 330 dpi with passaged Swedish or Arctic AD samples. Only the mice inoculated with the passaged Arctic AD sample exhibited codeposition of Aβ38 and Aβ40 peptides. (Scale bar: I and J, 100 μm.) Arc, Arctic; Swe, Swedish. *P < 0.05; **P < 0.01; ***P < 0.001.
formalin followed by embedding in paraffin using standard procedures. Sections were cut at 8 μm, mounted on glass slides, deparaffinized, and then processed for immunohistochemistry. Endogenous tissue peroxidases were inhibited by incubating the slides in 3% hydrogen peroxide solution for 30 min, and sections to be stained with anti-Aβ antibodies were pretreated with formic acid for 5 min. Slides were blocked with 10% (vol/vol) normal goat serum for 1 h and then incubated with primary antibody overnight at 4°C. The following primary antibodies were used: anti-Aβ mouse mAb 4G8 (1:250 dilution; Covance), anti-Aβ40 mouse mAb 11A50-B10 (1:200 dilution; Covance), anti-Aβ38 rabbit mAbs BA1-13 (1:200 dilution; Covance) and 7-14-4 (1:250 dilution; Covance), anti-collagen IV rabbit polyclonal antibody ab6586 (1:500 dilution; Abcam), and anti-GFAP rabbit polyclonal antibody Z0334 (1:500 dilution; Dako). Bound antibody was detected using a Vectastain ABC Peroxidase Kit (Vector Laboratories) and visualized using 3-3′-diaminobenzidine. Slides were counterstained with hematoxylin and then photographed using an AxioImager.A1 microscope (Carl Zeiss). For fluorescent double-labeling experiments, secondary antibodies conjugated to AlexaFluor 488, 568, or 647 (Life Technologies) were used. For Aβ/collagen IV double stains, sections were first pretreated with formic acid and then autoclaved in citrate buffer for epitope retrieval. All fluorescently labeled samples were visualized using a Leica SP8 confocal microscope.
